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The mechanism by which the cytidine deaminase activation-induced deaminase (AID) acts at immunoglob-
ulin heavy-chain class switch regions during mammalian class switch recombination (CSR) remains unclear.
R-loops have been proposed as a basis for this targeting. Here, we show that the difference between various
forms of the Sy locus that can or cannot undergo CSR correlates well with the locations and detectability of
R-loops. The Sp. R-loops can initiate hundreds of base pairs upstream of the core repeat switch regions, and
the area where the R-loops initiate corresponds to the zone where the AID mutation frequency begins to rise,
despite a constant density of WRC sites in this region. The frequency of R-loops is 1 in 25 alleles, regardless
of the presence of the core Sp. repeats, again consistent with the initiation of most R-loops upstream of the core
repeats. These findings explain the surprisingly high levels of residual CSR in B cells from mice lacking the
core S repeats but the marked reduction in CSR in mice with deletions of the region upstream of the core Sp
repeats. These studies also provide the first analysis of how R-loop formation in the eukaryotic chromosome

depends on the DNA sequence.

Mammalian immunoglobulin (Ig) genes undergo two types
of DNA recombination, in addition to a somatic hypermuta-
tion (SHM) process. V(D)J recombination occurs in early lym-
phocytes and assembles the variable-domain exon so that IgM
can be made. Class switch recombination (CSR) occurs only at
the Ig heavy-chain locus and is responsible for the change in
the heavy-chain isotype from IgM to IgG, IgA, or IgE; this
process is also called the heavy-chain isotype switch (6, 17, 29).
CSR occurs at repetitive DNA elements called switch regions,
which vary in sequence and length. All of the switch regions are
more than 1 kb in length and consist of unit repeats of 25 to 80
bp. All are located downstream of a sterile transcript pro-
moter, which is necessary for CSR. All have a G-rich nontem-
plate strand, and all are rich in sites at which a cytidine deami-
nase called activation-induced deaminase (AID) prefers to act,
namely, WRC sites (37). The regional nature of CSR, which
gave rise to the term regionally specific recombination (15),
contrasts with the vast majority of other physiologic recombi-
nation systems in biology, which are regarded as site specific.
The special features of switch regions (such as being long and
repetitive and located downstream of a promoter, having G-
rich nontemplate strands, and not having sequences conserved
among the different switch regions or among vertebrates that
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carry out CSR) suggested that the mechanism would be un-
usual relative to other recombination processes in biology.

Investigators at the Honjo laboratory discovered the key
lymphoid-specific enzyme for both CSR and SHM, AID (22,
23). AID is a 26-kDa protein which deaminates C in DNA (5,
25) but only when that DNA is single stranded (2, 26, 36, 38).
A key question for CSR and SHM concerns how the DNA
becomes single stranded. Because transcription appears to be
required for both CSR and SHM, one may propose that the
9-bp bubble in the DNA (due to the RNA/DNA hybrid) cre-
ated by the RNA polymerase is sufficient to serve this purpose.
This simple explanation alone is not adequate because all tran-
scribed genes in the genome would be mutated (as in SHM) or
recombined (as in CSR). Therefore, there must be another
explanation. Moreover, the switch regions evolved hundreds of
million of years after the presence of AID because SHM is
more ancient than CSR (1, 11, 32). Therefore, the unusual
features of mammalian switch regions likely target these re-
gions for recombination rather than mutation.

For CSR, we have previously proposed that R-loop forma-
tion can improve the availability of single-stranded regions in
which AID can act (35, 37). Several groups, including ours,
have demonstrated R-loop formation in switch regions in vitro
when these regions are transcribed by prokaryotic polymerases
(4,13, 27, 31). In 2003, we demonstrated kilobase-length chro-
mosomal R-loops in the murine Sy3 and Sy2b switch regions in
vivo (35), and this finding has been confirmed (28). We note
that R-loops are not the only mechanism by which AID can
gain access to C’s in duplex DNA. During SHM, transcription
and single-stranded binding proteins (replication protein A in
particular) may function to liberate lengths of single stranded-
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ness (3). In addition, CSR in Xenopus species occurs in a
region that is not G rich and does so at an efficiency that is only
about fourfold lower than that in the mouse Sy1 region (40). It
is possible that the G-rich repeats of mammalian switch re-
gions evolved to improve the generation of single-stranded
regions by fourfold at each switch region. For a donor and an
acceptor switch region, this improvement may be multiplicative
(16-fold).

Previously, we were unable to carry out PCR across the Sp
region, and other groups have had similar difficulty (34). The
S, arguably the most important switch region, has remained
unexamined up to this point. Mice with a deletion of the core
S region (designated ASpWTR mice) retain surprisingly high
levels of CSR (11 to 63%, depending on which acceptor switch
region is utilized) (18). This finding posed a major challenge
for any model of CSR targeting because the vast majority of
the AGCT sites, the clusters of G’s within the Sy repeats, and
the overall G richness were all eliminated. In contrast, the
more extensive deletion in the I exon-p constant region exon
(Cp.) deletion mice causes a reduction in CSR to a level about
50-fold lower that in the wild type, demonstrating that some
major difference between the core Sp. and the In-Cp deletion
mice must account for the efficiency of CSR (12), even though
the core Sy repeats are missing in both strains of mice. The
difference between these two deletion strains (the difference
between locations labeled 2 and 3 in Fig. S1A and between
mouse alleles 2 and 3 in Fig. S1B in the supplemental material)
must have some role in maintaining the efficiency of CSR.
What could the difference between the remaining sequences
be? Here, we found that the allele with the less severe deletion
still permitted R-loop formation but that the larger deletion
resulted in a marked reduction in R-loop formation. There-
fore, a major fraction of R-loop formation can begin upstream
of the core Sp repeat region, and the large majoritiy of the
R-loops initiate in a 50-bp region in which the nontemplate
strand has a 50% G content. These observations help reconcile
many aspects of CSR targeting at the Sp. and begin to establish
DNA sequence rules for the initiation of chromosomal R-
loops.

MATERIALS AND METHODS

Enzymes and reagents. All restriction enzymes were from New England Bio-
labs (Beverly, MA). Sodium bisulfite and other chemicals were from Sigma
Chemical Co. (St. Louis, MO). The C57BL/6 mice were purchased from Jackson
Laboratories (Bar Harbor, ME). The Escherichia coli RNase H1 gene was am-
plified from E. coli genomic DNA and cloned into the pTME plasmid (a kind gift
from Carlos D. M. Filipe, McMaster University, Canada). The purification was
done according to the previously published method (8), and the purified product
was stored at a stock concentration of 2 mg/ml. The purified RNase H was
carefully checked for even low levels of DNase or RNase activity and found to
contain no exo- or endonucleolytic activity.

Purification and culturing of mouse splenic B cells. Mouse B cells were taken
from spleens of 8- to 12-week-old C57BL/6 mice. Single-cell suspensions were
prepared from spleens, and red blood cells were removed. Naive B cells were
purified by magnetic cell sorting (with a system from Miltenyi, Auburn, CA). A
single-cell suspension was incubated with anti-CD43 magnetic beads for 15 min
at room temperature. An LS magnetic separation column was placed onto the
MACS MultiStand and washed with phosphate-buffered saline (PBS) containing
0.5% bovine serum albumin. The cell suspension and beads were loaded onto the
LS column. The column was washed three times with 3 ml of PBS containing
0.5% bovine serum albumin, and the flowthrough was collected. The cell sus-
pension was centrifuged for 10 min at 200 X g at 4°C. The naive B cells were
counted and cultured at a density of 2 X 10° cells/ml in the presence of 20 pg of
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lipopolysaccharide (LPS)/ml or LPS plus 5 ng of interleukin-4 (IL-4; R & D
Systems Inc., Minneapolis, MN)/ml, as indicated below, for 2 days.

Extraction and purification of genomic DNA. Cell pellets were washed with
PBS once and dissolved in 10 mM Tris—-1 mM EDTA (pH 8.0). Sodium dodecyl
sulfate (SDS) at a 0.5% final concentration and proteinase K at a 0.2-mg/ml final
concentration were added. Cells were incubated at 37°C overnight. Phenol-
chloroform extraction and ethanol precipitation of the genomic DNA were done.
Genomic DNA was dissolved in 10 mM Tris—1 mM EDTA (pH 8.0) to 1 mg/ml.
The genomic DNA was digested with EcoRV at 37°C overnight. Phenol-chloro-
form extraction and ethanol precipitation of DNA were repeated, and the DNA
was dissolved in Tris-EDTA, pH 8.0.

RNase H was used to verify R-loop molecules in stimulated mouse B cells. As
a control, the genomic DNA from stimulated mouse B cells was treated with E.
coli RNase H before bisulfite treatment. First, the genomic DNA was digested
with EcoRV for 5 h at 37°C. Second, 1 pg of RNase H was added to the same
tube for 16 h at 37°C. Then another 1 pg of RNase H was added to the same tube
for 6 h at 37°C. The treated genomic DNA was purified by phenol-chloroform
extraction and ethanol precipitation. The DNA was dissolved in Tris-EDTA, pH
8.0, and was subsequently treated with bisulfite (see below).

Bisulfite modification assay. For the bisulfite treatment, 20 pg of digested
genomic DNA in 30 pl was mixed with 12.5 pl of 20 mM hydroquinone and 457.5
wl of 2.5 M sodium bisulfite (pH 5.2). The mixture was covered with mineral oil
in a microcentrifuge tube in the dark at 37°C overnight. The bisulfite-treated
DNA was purified with the Wizard DNA cleanup system according to the
protocol of the manufacturer (Promega, Madison, WI). The purified DNA was
desulfonated with 0.3 M NaOH at 37°C for 15 min and recovered by ethanol
precipitation. The purified DNA was resuspended in 30 pl of 10 mM Tris-1 mM
EDTA (pH 8.0) and stored at —20°C.

The PCR was done for 30 cycles, the products were resolved on a low-melting-
temperature agarose gel, and the correctly sized fragments were cut out from the
gel and cloned using the TOPO-TA cloning kit (Invitrogen, CA). Plasmid DNA
from each clone of interest was purified using the GenElute plasmid miniprep
kit (Sigma, St. Louis, MO). Sequencing reactions were carried out using the
SequiTherm Excel II sequencing kit (Epigenetics, Madison, WI) and a model
Primus 96 Plus thermal cycler (MWG Biotech, High Point, NC). Automated
sequencing was carried out using the model 4200 DNA analyzer (Li-Cor, Lin-
coln, NE).

Controls to ensure that the results of the bisulfite modifcation assay reflected
an in vivo structure included the following. Pretreatment of the genomic DNA
with RNase A prior to the bisulfite treatment did not result in a reduction in the
R-loop detectability. Mock incubations (without the RNase H) did not affect
R-loop detectability. R-loops were never detected in untranscribed zones. Un-
stimulated B cells do not have any detectable R-loops in downstream switch
regions (35).

DNA methylation assay. For the DNA methylation assay, 10 ug of digested
genomic DNA was denatured with 0.3 M NaOH at 37°C for 15 min. The
denatured genomic DNA was mixed with 12.5 pl of prewarmed (55°C) 20 mM
hydroquinone and 457.5 pl of 2.5 M sodium bisulfite (pH 5.2). The mixture was
covered with mineral oil in a microcentrifuge tube in the dark at 55°C for 4 h.
The bisulfite-treated DNA was purified with the Wizard DNA cleanup system
according to the protocol of the manufacturer (Promega, Madison, WI). The
purified DNA was desulfonated with 0.3 M NaOH at 37°C for 15 min and
recovered by ethanol precipitation. The purified DNA was resuspended in 20 pl
of 10 mM Tris-1 mM EDTA (pH 8.0) and stored at —20°C.

Oligonucleotides. Oligomers were from Operon (Richmond, CA). The follow-
ing primers were used in the PCR. For the amplification of the core Sp. from the
C57BL/6 mouse strain, FTH84, a “converted” primer with a sequence in which
three C’s had been converted into three T’s (5'-TGAGTTGGGGTAAGTTGG
GATGAGT-3"); KY293, a native primer (5'-AACTCTACTGCCTACACTGG
AC-3'); and/or KY294, a native primer (5'-CAGCACAATCTGGCTCACTT-
3"), were used in the combinations specified below. For the amplification of the
upstream and downstream regions of the core Sw, FTH111, a converted primer
with a sequence in which three C’s had been converted into three T’s (5'-AGA
TAAGTTAGGTTGAGTAGGGTT-3"); FTH119, a converted primer with a
sequence in which three C’s had been converted into three T’s (5'-CTATTCT
TTCTCAATTCTATACAACTA-3"); FTHS0, a native primer (5'-TTGAAGGA
ACAATTCCACACAAA-3"); and FTH94, a native primer (5'-CTGGGAGAA
CTATTCTCATCCCAAA-3'), were used in the combinations specified below.
For the amplification of the Ipn-Cp from the mouse strain with the larger Sp
deletion, FTH52, a converted primer with a sequence in which six C’s had been
converted into six T’s (5'-AATGGTAAGTTAGAGGTAGTTAT-3'); FTH51, a
native primer (5'-CCCATGGCCACCAGATTCTTATC3'); and FTH48, a na-
tive primer (5'-TCTCCATTCAATTCTTTTCCAATA-3"), were used in the
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combinations specified below. For the probe in the hybridization in the core Sp
region from the C57BL/6 mouse strain, FTH98 (5'-ACTCAACTCAACTCAA
CTCAACTCAA-3"), FTH102 (5'-AATTCTAACCAACCAACTCTACTCA-
3"), FTH104 (5'-ACTCAACTCAACTCAACCCAACTCAA-3"), and FTH105
(5'-ACCCAACTCAACCCAACTCAACCCAA-3") were used as a radiolabeled
mixture. For the probe in the hybridization for the ASWTR mouse strain,
FTH130 (5'-ATACAACTATAACCTTCCTTCTACAT-3"), FTH131 (5'-CACA
TTAAATTATAAATCAAAAATATAATAA-3"), FTH132 (5'-CATCAACCA
ACCCAATTAAATCCAA-3'), FTH134 (5'-ACTCAACCCAATTCATAATCC
CAAT-3'), and FTH135 (5'-ATATAAATAACCCAAACAACAATACTC-3")
were used as a radiolabeled mixture. For the probe in the hybridization for the
Tp-Cp. deletion mouse strain, FTH178 (5'-ACATATAAACTAACTTAAAAAC
CCTTC-3'), FTH179 (5'-AAAAAACCCAAAATCCAAACCTACC-3"), and
FTH180 (5'-CTTTAAAAACAACAACCACAACTATAA-3") were used as a
radiolabeled mixture.

Determination of the frequencies of R-loops. In the first phase of the method
to determine the frequencies of R-loops, the bisulfite-treated, stimulated B-cell
genomic DNA was amplified using two native primers. The PCR was carried out
for 30 cycles, the products were resolved on a low-melting-temperature agarose
gel, and the correctly sized fragments were cut out from the gel and cloned using
the TOPO-TA cloning kit (Invitrogen, CA). Each white clone was picked and
restreaked as a line onto the surface of a new ampicillin agar plate. Each plate
contained 110 different clones. The PCR products included molecules in which
the top (nontemplate) strand of the original bisulfite-treated molecule served as
the template or in which the bottom (template) strand did so. By reading the
sequences at sites of sporadic bisulfite conversion in 32 randomly chosen clones,
the ratio of top- and bottom-strand molecules was determined in order to permit
estimates of what fraction of the total population analyzed was informative about
the top strand.

The second phase of the method involved colony lifts onto nylon membranes.
The nylon membrane was pressed against the agar plate (containing 110 clones)
for 2 min. The membrane was then transferred into a denaturing solution (0.5 M
NaOH, 1.5 M Na(l) for 15 min with the bacterial side up. The membrane was
then transferred into 1 M Tris, pH 7.5, for 15 min, followed by 0.5 M Tris (pH
7.5)-1.5 M NacCl for 15 min, followed by a rinse with 2X SSC (1X SSCis 0.15 M
NacCl plus 0.015 M sodium citrate). Kimwipes were used to wipe the bacterial
debris off the surface of the membrane while the membrane was under the 2Xx
SSC. The DNA was then fixed onto the membrane by UV cross-linking. The
membrane was then rinsed with 2X SSC and put into a plastic hybridization bag.

In the third phase, the converted primers were individually 5'-end labeled with
polynucleotide kinase and then mixed to generate the probes for hybridization.
Each membrane was prehybridized at 66°C for 15 min. The oligonucleotide
probes (5 pmol each) were 5'-end labeled using polynucleotide kinase and then
added, and the membrane was hybridized at 66°C overnight. The membrane was
washed with 2X SSC-0.5% SDS for 20 min twice and 0.1X SSC-0.5% SDS for
20 min twice. The membrane was exposed overnight. The clones corresponding
to positive signals were confirmed by DNA sequencing.

The same membranes were hybridized with probes specific to converted tem-
plate-strand molecules. No template-strand molecule having long stretches of
conversion was detected.

RESULTS

R-loops at murine core Sp. The bisulfite modification assay
can be used to obtain structural information about any non-B
DNA structure that has regions of transient or stable single
strandedness (35, 39). The bisulfite anion carries out a nucleo-
philic attack on the bond between C-5 and C-6 of cytosine only
when the bond is unprotected by stacking, which occurs when
the DNA is single stranded. The reactivity of all of the C’s in
a region indicates a stable zone of single strandedness. An
enrichment method using one converted or enriching primer
(in which the C-to-U changes are anticipated) and one con-
ventional (native) primer for the PCR can be used to enrich
with R-loops.

Though we previously documented R-loops at the Sy3 and
Sv2b regions, the Sp region is the donor switch region for
recombination with all of the acceptor switch regions (the S,
Sa, and Se regions) and, hence, is the most important. We
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tested for R-loops at the murine Sp by using an enriching
primer-native primer PCR pair after bisulfite modification
(Fig. 1A; also see Table S1 in the supplemental material). The
expected PCR product size was 1,253 bp. Because of the re-
petitive nature of the core S, the converted primer can prime
at multiple locations. Therefore, the products of the PCR
included multiple species, most of which were shorter than the
full-length Sp; hence, a single product band was not obvious at
the full-length position. The region surrounding the position of
the anticipated full-length DNA was cut out, cloned, and used
to transform E. coli.

Upon sequencing, molecules having different lengths of long
stretches of single strandedness were observed (Fig. 1A). The
longest was nearly 1,100 nucleotides. The majority of R-loops
ended within the core Sp.. Six of 34 molecules extended down-
stream of the core Sp, and their end points fell within the
region containing several degenerate Su repeats. The se-
quenced molecules had deletions of different sizes. In some
cases, the deletion product was several hundred base pairs
shorter than the expected product. The reason for the dele-
tions was that the core Sp region consists of uniform direct
repeats and the converted primer can anneal at many regions
within the core Sw, not simply at the designated locations. In
addition, the Sp. sequence may be unstable in bacteria. Other
groups have previously reported deletions within the Sy se-
quence (24).

RNase H treatment was used to assess whether the long
stretches of single strandedness were due to R-loop formation.
The RNase H destroys the RNA in R-loops, thereby permit-
ting S repeats in the top (nontemplate) strand to anneal to
repeats in the bottom (template) strand. If this annealing oc-
curs, then we expect to lose the long stretches of bisulfite
reactivity and the enriched primer can no longer anneal to a
site that is not converted. That is, the destroyed R-loops are
not amplified by the enriching primer after the RNase H treat-
ment. One gapped molecule was detected, which had discon-
tinuous stretches of single strandedness. It consisted of several
alternations between duplex DNA and single-stranded DNA.
This finding most likely reflects evidence of incomplete action
by RNase H, but it may also reflect a misalignment of the
repeats (35) (see Discussion).

Frequency of R-loops at murine core Sp. To determine
the frequency of R-loops at the S allele in DNA from
splenic B cells that were stimulated with LPS-IL-4, the core
Sw was first amplified from bisulfite-treated genomic DNA
by using a pair of native primers, which avoids any enrich-
ment. The native primers were close to the core Sp. The
expected PCR product size was 1,518 bp, but the actual PCR
product sizes were distributed over a range around 1,518 bp,
and this region was used for cloning and the transformation
of E. coli. Colony lift hybridization was done using a con-
verted oligonucleotide probe which anneals to any bisulfite-
reactive form of the top strand in any R-loop. The probe was
actually a mixture of four oligonucleotide probes, corre-
sponding to four different locations within the S core re-
gion, so that R-loops covering a larger fraction of the switch
region could be detected.

After testing 921 colonies (see Materials and Methods), 296
were determined to provide information about the top (non-
template) strand, whereas the remainder reflected the bottom
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FIG. 1. R-loop molecules at the murine core Sp in stimulated B cells from C57BL/6 mice. (A) Single strandedness on the top strand in the
murine core Sp in stimulated B cells from C57BL/6 mice. After bisulfite treatment, the region was amplified using one native and one converted
primer. The converted primer (shown as an open arrowhead), FTH84 (which starts at nucleotide 137610 of the sequence corresponding to
GenBank accession no. AC073553), with a sequence in which three C’s were converted into three T’s, was located 250 bp downstream of the start
of the core Sw.. The native primer, KY294, was located 200 bp downstream of the end of the core Sw.. The expected PCR product was 1,253 bp,
but the actual PCR products ranged from this size to smaller sizes. The region of the gel corresponding to approximately 1,253 bp was cut out and
cloned. Thirty-three clones showed different lengths of R-loops in the core Sp. All clones had small deletions and mutations. Among all the clones,
25 clones had large deletions, and these clones are shown as shorter lines. All large deletions occurred in the core Sp region. The naive B cells
were stimulated with 20 wg of LPS/ml for 2 days. In the diagram at the top, the long ellipse represents the core S region. The vertical bars labeled
2 indicate the boundaries of the core Sp deletion, and the vertical bars labeled 3 indicate the boundaries of the larger deletion in the Sy allele
in the knockout mouse strains. Ep, intronic enhancer. The dashed lines in the Cpn segment indicate exon/intron boundaries that are not specified.
The line at the bottom of the panel displays every C on the top strand of the PCR product. (B) R-loop molecules at the murine core Sw in
stimulated B cells from C57BL/6 mice. Primary splenic B cells were stimulated in culture for 2 days with LPS-IL-4. The genomic DNA was
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(template) strand. Colony lift hybridization showed that 12 of
the corresponding molecules had long stretches of conversion
consistent with R-loops (Fig. 1B; duplicate molecules are not
shown). Hence, the R-loop frequency was approximately 4%
of alleles (12 out of 296). Of course, this finding may be an
underestimate of the actual R-loop frequency because the
probes covered only a small fraction of the region. Therefore,
R-loops between or upstream or downstream of the probe-
covered regions may exist. More importantly, R-loops that
extend to the site where the native primer is located will not be
amplified because the native primers will not anneal at priming
sites that have had their single-stranded C’s converted by bisul-
fite. In other words, efficient native-primer amplification rests
on the assumption that the native-primer site is in a duplex
DNA conformation. For these and other reasons, this estimate
of frequency may be an underestimate.

Boundaries of the R-loops at murine Sp in wild-type mice
and in mice with the core Sp deletion (ASpTR). CSR break-
points are not restricted to the core Sp, in contrast to most
breakpoints in the acceptor switch regions (6). In the Sp re-
gion, somewhat more than half of the breakpoints are in the
core Sp (see Fig. S1 in the supplemental material). About
one-third are upstream of the core S, and about 8% are
downstream of the core Sp. This raises the possibility that the
R-loops in the Sy region may not be restricted to the core
repeats of the Su. To determine the boundaries of the R-loops
in the Sy, converted primers for the upstream or downstream
regions of the core Sp were designed. For the upstream region
of the core Sp, the PCR product was 770 bp. Upon cloning and
sequencing, molecules having different lengths of long
stretches of single strandedness were detected (Fig. 2B). The
shortest one was 54 nucleotides long, and the longest one was
581 nucleotides. For the downstream region of the core S, the
PCR product was 721 bp. Four molecules having long stretches
of conversion were detected (Fig. 2D).

RNase H treatment was done to confirm that these mole-
cules were R-loops, and the treatment was done in the same
way as that for the core Sp. After the bisulfite modification
assay and PCR, no PCR product corresponding to the up-
stream region of the core Sp. was detectable, indicating that the
molecules were, indeed, R-loops and, therefore, could not be
amplified by the converted primer after RNase H treatment
(Table 1). For the region downstream of the core Sw, the PCR
product was cut out and cloned. After the sequencing of 23
molecules, no molecule was found to have long stretches of
conversion. The fact that the long, single-stranded DNA re-
gions were eliminated by RNase H documents that these re-
gions were part of an R-loop.

The same primer sets were used for the core Sp deletion
(ASpTR) mouse strain to detect any R-loops in the stimulated
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B cells. At the core Sp. deletion alleles, the CSR efficiency was
only about one-third that in the wild-type mice (18) (see Fig.
S1 in the supplemental material). (The efficiency varies de-
pending on which acceptor switch region is involved.) R-loops
upstream and downstream of the former location of the core
S region were detected (Fig. 2A and C), and these R-loops
were indistinguishable from the R-loops found in the corre-
sponding regions of the wild-type allele mentioned above. The
R-loop nature of these molecules was confirmed by RNase H
treatment (Table 1). Therefore, R-loops can initiate upstream
and can extend downstream of the core Sp region.

Frequency of the R-loops at murine Sp in the core Sp
deletion (AS,TR) B cells. To determine the frequency of
R-loops in the ASuTR murine B cells, a pair of native primers
was designed to amplify the In-Cp from the stimulated B cells
of the ASuTR mice. One primer corresponded to the I exon,
and the other one corresponded to the Cp.. The PCR product
was 2,251 bp. The composite probe for hybridization, which
was specific for converted top-strand molecules, contained five
different oligonucleotide probes: three were positioned at dif-
ferent locations in the region upstream of the former core Sy,
and two were positioned downstream. After testing 932 colo-
nies (see Materials and Methods), 311 were determined to
provide information about the top (nontemplate) strand,
whereas the remainder reflected the bottom (nontemplate)
strand. Among these colonies, 11 molecules having long
stretches of conversion were identified (Fig. 3). Therefore, the
frequency of R-loops in the ASu TR allele at day 2 of IL-4-LPS
stimulation was 3.5% (11 out of 311).

RNase H treatment was done to test whether molecules
detected by the filter hydridization were indeed R-loops. We
found that RNase H treatment destroyed 92% of the mole-
cules that were otherwise detected by the single strand-specific
probes (see Materials and Methods). Therefore, nearly all of
these long stretches of conversion were attributable to R-loops.

The filter membranes were also hybridized with oligonucle-
otide probes specific for converted bottom (template)-strand
molecules, but no molecules having long stretches of conver-
sion were detected.

When we analyzed the data from the ASWTR locus (Fig. 3),
we found a consistent, but slightly variable, lack of conversion
in the DNA at the center of the R-loops within the boundaries
of the area in which the knockout deletion occurred (deletion
boundaries designated by the number 2 in Fig. 3) in 10 of 11
molecules. We were initially quite perplexed by this finding
because we felt that the R-loops should extend right through
this 93-bp region of prokaryotic DNA. Some of the sites that
failed to react with bisulfite were CpG sites, and DNA meth-
ylation of the C in these sites could make them unreactive with
bisulifte. Though this could explain some of the instances in

prepared and then treated with sodium bisulfite as described in Materials and Methods. A single round of PCR (30 cycles) was done using two
regular (native-sequence) primers, KY293 and K'Y294 (shown as black arrows). The PCR product was 1,518 bp and was cloned into E. coli. About
1,106 clones were transferred onto a filter membrane by colony lifting. After hybridization with a probe, 12 positive clones were identified. The
sequences of these clones are represented here, and these sequences show long stretches of single strandedness, the longest one being 650
nucleotides. In the diagram at the top, the long ellipse represents the core Sp region, which is 1,287 bp long. The region between the core Sp. and
the Cp is 1,535 bp. The open square in the diagram indicates the location of the probe. Each long line represents an independent molecular clone.
The small vertical bar on each line indicates a position in the sequence at which a C has been converted into a T. The bottom line displays every

C on the top strand of the PCR product.
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FIG. 2. Single strandedness on the nontemplate strand upstream and downstream of the murine core Sp in stimulated B cells. (A) Top
(nontemplate)-strand sequence at the upstream region of the core Sp in the core S deletion (ASWTR) mouse strain. The genomic DNA was
derived from B cells (from the ASWTR mouse strain) stimulated for 2 days with LPS-IL-4. A single round of PCR (30 cycles) was done using one
regular (native-sequence) primer and one converted primer (shown as an open arrowhead) whose sequence was complementary to the top strand
in which the C’s were converted into U’s. FTH119, the converted primer, with a sequence in which three C’s were converted into three T’s, was
located 400 bp upstream of the core Sp.. FTHS0, the native primer, was located 50 bp downstream of the I exon. The diagram at the top presents
a map of the Ig w gene of the mouse strain. Ep, intronic enhancer. The vertical bars labeled 2 indicate the boundaries of the core S deletion
(ASTR). The vertical bars labeled 3 indicate the boundaries of the larger deletion in the S allele. All symbols are the same as those in Fig. 1.
(B) Top-strand sequence at the upstream region of the core Sp in the C57BL/6 mouse strain. The genomic DNA was the same as that used for
Fig. 1. (C) Top-strand sequence in the downstream region of the core S in the core Sp deletion (ASpTR) mouse strain. A single round of PCR
(30 cycles) was done using one regular (native-sequence) primer (arrows) and one converted primer (open arrowheads). FTH111, the converted
primer, with a sequence in which three C’s were converted into three T’s, was located 440 bp downstream of the core Sp.. FTH94, the native primer,
was located 400 bp upstream of the Cp.. (D) Top-strand sequence of the downstream region of the core Sp in the C57BL/6 mouse strain.

which these C’s were unreactive, it could not explain all aspects
of the observed pattern of reactivity and unreactivity. We then
realized that the palindromic loxP site is located in the middle
of this region. The palindromic nature of the loxP site permits
it, when single stranded, to form a 13-bp stem and an 8-nucle-
otide terminal loop (see Fig. S2 in the supplemental material).
The C’s in the loop always reacted with bisulfite, but three C’s

TABLE 1. Single strandedness was destroyed after in vitro RNase H treatment”

in the stem did so only rarely. Two of these three C’s in the
stem were complicated by possible CpG methylation, but the
remaining one was not a CpG site, and the low level of reac-
tivity is best explained by base stacking in the stem of the
stem-loop. A DNA methylation assay confirmed that the non-
reactivity of that C in the stem of the stem-loop could not be
accounted for by DNA methylation (see Fig. S3 in the supple-

No. of molecules with long stretches of conversion/total no. of sequenced molecules for:

Region of single

C57BL/6 mouse samples
without RNase H treatment

strandedness

ASp TR mouse samples
without RNase H treatment

C57BL/6 mouse samples
with RNase H treatment

ASp TR mouse samples
with RNase H treatment

Upstream of core Sp 13/18
Core Sp 34/119
Downstream of core Sp 4/31

ND (no PCR product) 9/31
072 NA
0/23 2/32

ND (no PCR product)
NA

0/32

“ The RNase H treatment removes the RNA in the R-loops. The cutoff length for long stretches of conversion was 50 nucleotides. ND, not detectable; NA, not

applicable.
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FIG. 3. R-loop molecules at the murine Ip-Cp. in stimulated B cells from the core Sp. deletion (ASWTR) mouse strain. The genomic DNA was
the same as that used for Fig. 2. After the bisulfite treatment, a single round of PCR (30 cycles) was done using two (native-sequence) primers,
FTHS0 and FTHS1. The PCR product was 2,251 bp and was cloned into E. coli. About 932 clones were put onto a filter membrane by colony lifting.
After probe hybridization, 11 positive-signal clones having long stretches of conversion were identified. The diagram at the top shows the map of
the Ip-Cp of the ASWTR allele. The arrowhead in the diagram indicates the loxP sequence at this allele. The dashed lines indicate that there is
no sequence information for those portions of the clones. The vertical hollow boxes mark the separation of the dashed lines from the solid lines.

All symbols are the same as those in Fig. 1. Ep, intronic enhancer.

mental material). Moreover, two other C’s were substantially
more unreactive than their methylation status could account
for. This lack of reactivity in the three C’s of the stem is quite
consistent with the protection of the stem region from bisulfite
reactivity in the native bisulfite modification assay for assessing
single strandedness. These results provide an independent in-
dication that this region in the middle of the nontemplate
DNA strand of the R-loop is single stranded. This strand can
form secondary structures that interfere with bisulfite reactivity
by permitting stacking of the C’s, but this formation is not
usually observed, except, for example, in palindromic regions
like the one described here. The lack of such interruptions in
a majority of R-loops that extend through this region on the
wild-type allele is most consistent with a lack of any other
secondary structure (such as a G quartet).

R-loops in alleles from mice with larger deletions of the
core S and the surrounding sequences were not detected.
A larger region between the I exon and the Cp was pre-
viously removed for a different knockout allele in mice (12).
In the B cells of these mice, the CSR efficiency was only
about 2% of that seen in B cells from the wild-type mice (12)
(see Fig. S1 in the supplemental material). (The efficiency
varies depending on the acceptor switch region.) The con-
verted primer FTHS2, with a sequence in which six C’s have
been converted into T’s, was designed to test for the pres-
ence of R-loops in the B cells of the deletion mice. FTH52

is a strongly enriching primer because of the large number
of C’s converted into T’s. The PCR product is 505 bp. After
the sequencing of 14 molecules, no molecules containing
long stretches of conversion were found, despite the use of
the very strongly enriching primer (Fig. 4). Therefore, no
R-loops at alleles that had a more extensive deletion sur-
rounding the Sp. were detected.

Although no R-loops were detected by the enrichment
method, the colony lift hybridization was done to further
search for any R-loops at the allele with larger deletions. To
avoid missing any R-loops at the upstream region, where the
loci of CSR breakpoints in B cells of mice with the deletion
allele were located, the PCR product was amplified using one
more upstream native primer, which corresponded to the Ip
exon, paired with the same downstream native primer used for
the ASuTR mice. The PCR product was 1,018 bp. The com-
posite probe for hybridization, which was specific for converted
top (nontemplate)-strand molecules, contained three different
oligonucleotide probes. After testing 1,029 colonies (see Ma-
terials and Methods), 450 were determined to provide infor-
mation about the top strand, whereas the remainder reflected
the bottom (template) strand. Among these colonies, no mol-
ecules containing long stretches of conversion were detected.
Therefore, the frequency of R-loops at this allele was below 1
per 450.
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FIG. 4. Test for single strandedness on the nontemplate strand in the murine Ipn-Cp in the stimulated B cells from mice having the larger
deletion around the core Sp.. The genomic DNA was obtained from B cells, stimulated for 2 days with LPS-IL-4, from the mice with the larger
deletion around the core Sp. A single round of PCR (30 cycles) was done using one regular (native-sequence) primer and one converted primer.
FTHS2, the converted primer, with a sequence in which six C’s were converted into six T’s, was located 200 bp downstream of the Ip exon. FTHS1,
the native primer, was 70 bp downstream of the start of the Cn.. The PCR product was 505 bp, including the 175-bp heterologous DNA from the
construct for making the deletion allele. Among 14 different clones, no molecule had long stretches of conversion. All symbols are the same as those

in Fig. 1. Ep, intronic enhancer.

DISCUSSION

In vivo R-loop formation at prokaryotic replication origins
(19), mitotic recombination hot spots in Saccharomyces cerevi-
siage (10), avian G-rich sequences (under specific circum-
stances) (14), and Ig class switch regions (9, 30, 35, 41) has
been described previously. Despite these key findings in vari-
ous systems, the in vivo sequence determinants of R-loop for-
mation have yet to be explored. The studies here provide an
initial set of functionally relevant sequences that help delimit
what regions do and do not form R-loops in vivo.

Sites of R-loop initiation, of CSR, and of AID deamination.
R-loops at the ASWTR allele were found at a frequency similar
to that at the Sw in the wild-type mouse strain. No R-loops in
the In-Cp deletion mouse strain were detected. Therefore, the
sequences upstream of the core Sw repeats can be important
sites for initiating R-loops. These findings correlate well with
the findings on CSR efficiency (18) (12), which imply that the
R-loops are the targets in the CSR. For the wild-type and the
ASTR loci, respectively, in B cells stimulated with LPS-IL-4,
we found a frequency of 1 R-loop per 25 and per 28 alleles by
using native primers (no enrichment). The agreement of these
numbers is encouraging, given that the native primers used
were different. (The primers for the wild-type allele must be
adjacent to the core Sp. repeats to detect a PCR product.)

The results of this study indicate a substantial correlation
between the locations of R-loops, the locations of recombina-
tion breakpoints, and the locations of AID sites of C-to-U

conversion (Fig. 5 and 6). Though we believe that many R-
loops initiate within the core Sp repeats, unexpectedly, we find
that many R-loops can begin upstream of the core Sp repeats
(Fig. 2). In fact, we think that the majority (but not all) of
R-loops initiate in the region upstream of the core Su, because
there was not much difference in the R-loop frequencies be-
tween wild-type and ASWTR alleles.

What may the mechanism for the initiation of R-loops at
these upstream locations be? R-loops that begin upstream of
the S do so at clusters of G’s. We do not know the precise
combination of clustered G’s that are important for the initi-
ation of R-loop formation, but we know that a relatively ran-
dom DNA sequence does not cause R-loop formation in the
mammalian genome. For example, even the most strongly en-
riching converted primers (with seven C-to-T conversions over
22 nucleotides) did not permit the detection of R-loops in the
Cvy3 region under conditions in which R-loops in the Svy3
region could be readily detected. Moreover, even when two
enriching (converted) primers at the Cy3 region were used to
achieve even greater sensitivity, no single strandedness on ei-
ther the template or the nontemplate strand was detected.
Hence, R-loop formation does not occur in the constant re-
gions, despite their being in the same transcription unit. There-
fore, specific patterns and lengths of G clustering increase the
probability of R-loop formation, and deviations from those
patterns make R-loops increasingly less likely.

The majority of R-loops that initiate upstream of the Sp
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FIG. 5. Plots of R-loop locations, CSR breakpoints, AGCT sites, and G densities for the murine S through the initial portion of the first
constant exon. (A) The relative positions of the 313-bp intronic enhancer (Ew), the 454-bp I exon, the 1,205-bp Iw-Sp intervening region, the
1,287-bp Sp, the 1,535-bp Sp-Cp intervening region, and the first 1,287 bp of the Cp. (exon/intron boundaries are not specified) are shown. R-loop
upstream and downstream boundaries based on the data in Fig. 2 are shown as lines at the top of the diagram (dark lines are wild type, and grey
lines are ASTR). The locations of CSR breakpoints in different mice are shown as arrows. (B) Plot of the AGCT, WGCW, four-G cluster, and
three-G cluster sites of the sequence in panel A. (C) Plot of the G densities of the sequence in panel A.

begin at a specific site with the sequence GGGGCTGGGG,
which is within a 50-bp zone that has a 50% G content on the
nontemplate strand (Fig. 2, 3, and 6). Interestingly, this region
is also close to the area where the top strand begins to show a
distinct increase in AID-mediated C-to-U deaminations (Fig.
6). In a recent paper from the Neuberger laboratory, it was
unclear what could account for the increase in AID mutation
frequency at this region because the densities of AGCT sites
(and other preferred WRC sites) did not increase until
several hundred base pairs downstream (34). The peak of G
density and the clusters of GGGG or GGG in this region
where most of the upstream R-loops initiate appear to ac-
count for the sharp rise in AID sites of action here (Fig. 5
and 6) (34).

Among R-loops detected in wild-type B cells or B cells with
the core Sp. deletion (ASwTR), nine R-loops began even fur-
ther upstream than those in the region demarcated in Fig. 6.
Seven of these initiated within a region with clusters of three
G’s, and the remaining two also initiated near several clusters
of three or four G’s. The latter two initiated upstream of the
In-Cp deletion boundary. Rare R-loops initiating here may

explain the low but distinct occurrence of CSR events that have
breakpoints within the residual region between the I exon
and the Cp in the In-Cp deletion B cells (12).

The core repeats are not essential for R-loop formation
(this study) or for CSR (18). The initiation of R-loops up-
stream of the core repeats may be evolutionarily advanta-
geous because it permits a greater fraction of the zone of
WRC sites in the core Sp repeats to be included in a zone
of single strandedness. Of course, the GGGGT portions of
the Sp repeat can also initiate R-loops, accounting for the
R-loops initiating within the core Sp.

In the Sp core deletion mice (Fig. 3), some level of residual
CSR occurs upstream and downstream of the position of the
deletion boundary (20, 21), and the ones occurring upstream in
the core Sp deletion mice would be particularly difficult to
explain if R-loops initiated only in the core Sp region. Because
we now know that the R-loops can begin upstream, the break-
points upstream of the core Sp. in the deletion mice can now be
more easily understood. The CSR breakpoints downstream of
the core Sp are not difficult to explain, given that R-loops
extend past the repetitive zone (Fig. 2C and D).
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FIG. 6. Plots of R-loop locations, mutation frequencies, AGCT sites, and G densities for the region upstream of the core Sp.. (A) Magnification
of the region upstream of the core Sy depicted in Fig. 5. Each line represents different R-loops initiating at different places upstream of the core
Sw. Ep, intronic enhancer. (B) The mutational frequencies for the corresponding region from the msh2 ™/~ ung ™'~ mice as published by others (34).
(Note that only the top [nontemplate]-strand mutations [provided by M. Neuberger] are shown, rather than the composite top [nontemplate]- and
bottom [template]-strand mutation data that were published previously [34].) Without the detailed data from Xue et al. (34), the R-loop data in
the present paper permitted a prediction of where the nontemplate-strand mutation frequency would start to increase. (C) Plot of the AGCT,
WGCW, four-G cluster, and three-G cluster sites of the sequence in panel A. (D) Plot of the G densities of the sequence in panel A. The dashed
box highlights the region where major R-loops start and the mutation frequency increases.

Heterogeneity of R-loop termination points. Like those of
the Sy3 and Sy2b regions, the Sp. R-loops are heterogeneous
in their termination points. Many R-loops terminate within the
core Sp repeats. We have not been able to quantify the abun-
dance of R-loops within the core region relative to the region
upstream or downstream because PCR through the core Sp. is
only successful when the primers are close to the borders of the
core Sp repeats. But using native primer-converted primer
pairs, we found abundant R-loops in the core Sw region (see
Table S1 in the supplemental material). The termination
points of R-loops that extended downstream of the core Sp
repeats resided within the region where the G density was
declining but was still higher than that of random DNA (Fig.
5). This finding was similar to those at the Sy3 and Sy2b
repeats (9), and it is consistent with the emerging view that
clusters of G’s (and, indirectly, overall G density) are impor-
tant for R-loop formation and stability.

Collapsed R-loops and the location of long consecutive re-
gions of AID action. In the ung™’~ msh2~/~ null mice, the
pattern of AID C-to-U deamination sites appears to occur in
long discontinuous tracts of up to several hundred base pairs
(34). This distance is far too long to be attributable to any
processivity of AID along one strand, which is limited to much
shorter lengths (26). The separation of DNA strands during
normal transcription occurs for a length of approximately 9 bp
(33), which is also far too short to account for the very long
tracts of AID action. Finally, the separation of strands due to
transient negative supercoiling associated with transcription
would result in shorter tracts of single strandedness, and single
strandedness would occur for both strands (16).

The several-hundred-base-pair tracts of AID conversion in
ung~'~ msh2~'~ B cells on the top (nontemplate) strand (up-
stream, downstream, and within the core Sp) may be attrib-
uted to R-loops, based on the findings described here. But
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what could be the basis for tracts of conversion on the bottom
(template) strand in these ung™’/~ msh2~'~ B cells (34)? We
believe that the exposure of single-stranded regions on the
template strand of the R-loops can arise in either of two ways.
The RNA of the R-loop is vulnerable to the endogenous en-
donucleolytic action of RNase H1 or H2 within the cell. First,
partial action by RNase H may give rise to the gapped regions
of single strandedness on the top strand that we have observed
here for the S and previously for the Sy3 and Sy2b regions (9)
(see Fig. S4A in the supplemental material). Second, complete
action by RNase H may give rise to misalignment due to the
collapse of a repeat on the nontemplate strand that does not
match the corresponding repeat on the template strand (see
Fig. S4B in the supplemental material) (35, 37). We have
previously described evidence for both of these mechanisms of
RNase H-mediated exposure of regions of single strandedness
on the template strand. Using purified plasmid R-loops di-
gested in vitro, we have shown evidence for collapsed R-loops
(35). The incomplete digestion of chromosomal R-loops with
exogenous RNase H gives results that are quite consistent with
partially digested R-loops (9, 35). Hence, both of these prod-
ucts of the RNase H digestion of R-loops may exist (37) (see
Fig. S4A and B in the supplemental material). Either mecha-
nism would leave long tracts of single strandedness on the
template strand of the type suggested by the pattern of AID
action (34). In the ung™'~ msh2™'~ B cells, it is noteworthy
that the discontinuous tracts of AID conversion on the non-
template strand are, on average, about twice as long as the
ones on the template strand, despite the fact that the density of
C’s on the template strand is about 1.5-fold higher (34). The
two mechanisms for template strand single strandedness sug-
gested here would be consistent with the favoring of longer
stretches on the nontemplate strand seen in the ung /'~
msh2~'~ B cells.

For R-loops in the repetitive zone, collapsed R-loops and
the partially digested R-loops are both reasonable explana-
tions. For R-loops that begin upstream or extend downstream
of the core Sp repeats, the DNA is not markedly repetitive.
Hence, tracts of AID action are more directly explained by the
partial RNase H digestion model (see Fig. S4A in the supple-
mental material).

Secondary structure within the G-rich DNA strand of the
R-loop. The possibility has been raised that G quartets form
along the G-rich DNA strand of the R-loops (4, 7). To our
knowledge, there are no in vivo data for G quartets at these
sites. One may have expected that G quartets would cause base
pairing at other sites along the G-rich DNA strand of the
R-loop and that this would cause single-nucleotide interrup-
tions in the continuous sites of bisulfite conversion on the
G-rich strand. We do not see evidence of this here or previ-
ously (35). One may wonder if the bisulfite method would be
sensitive to such fine structural features along the G-rich DNA
strand. Our ability to detect a small stem-loop structure on the
G-rich DNA strand indicates that small regions of secondary
structure within a strand are readily discernible (Fig. 3; also see
Fig. S2 in the supplemental material).
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